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Electron magnetic resonance (EMR) spectra of gadolinium-doped calcium ﬂuoride have been studied at
room temperature for Gd concentrations between 0.01 and 2.00 mol%. Gd3þ ions in sites with two
different symmetries were observed. One of the sites, with cubic symmetry, is unstable at room
temperature and decays with a time constant of 2.2 day1. The other site, with tetragonal symmetry, is
stable and is attributed to Gd3þ ions in substitutional sites next to a charge-compensating F
interstitial ion. The linewidth and intensity of the EMR spectrum with tetragonal symmetry increase
with increasing Gd concentration. A theoretical calculation based on the concentration dependence of
the EMR linewidth yields an effective range of the exchange interaction between Gd3þ ions in CaF2 of
0.774 nm, of the same order as that of Gd3þ ions in other cubic ionic compounds.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Calcium ﬂuoride (CaF2) is an ionic compound with several
important applications, such as color displays [1], optical win-
dows [2,3] and radiation detectors [4,5], whose properties can be
changed by the presence of rare earth impurities such as lantha-
num and gadolinium [6,7]. EMR spectroscopy is a convenient
method for studying these impurities within the CaF2 structure. In
the present work, we investigated the effect of gadolinium
concentration on the EMR spectrum of Gd3þ in polycrystalline
CaF2. The importance of this investigation is twofold. First, once
the effects of gadolinium concentration on the spectrum are
known, it becomes possible to use EMR results to measure, rapidly
and non-destructively, small concentrations of Gd in CaF2; second,
knowledge of the range of the exchange interaction between Gd3þ
ions is essential for a better understanding of the magnetic proper-
ties of gadolinium-doped calcium ﬂuoride.2. Background
2.1. EMR of gadolinium-doped calcium ﬂuoride
EMR measurements in single-crystal gadolinium-doped calcium
ﬂuoride [8] show two different spectra, one of cubic symmetry, with
g¼1.991, and another of tetragonal symmetry, that can be ﬁtted tox: þ55 2125467049.
,
lsevier OA license.the Hamiltonian
H¼ gb H!: S!þD ½S2zSðSþ1Þ=3 ð1Þ
with g¼1.992, D¼0.148 cm1.
2.2. ESR of dilute solid solutions
The theory of dipolar broadening in diluted solid solutions was
developed in Ref. [9] and extended in Ref. [10] to take exchange
interactions into account. Its main results can be summarized as
follows:i. the lineshape is a truncated Lorentzian;
ii. the peak-to-peak ﬁrst derivative linewidth may be expressed as
DHpp ¼DHoþDHd ¼DHoþC1f e ð2Þiii. the intensity of the absorption line is
I¼ C2f e ð3Þ
where DHo is the intrinsic linewidth, DHd is the dipolar broad-
ening, C1 and C2 are constants and fe is the concentration of
isolated substitutional ions of the paramagnetic impurity, which
can be expressed as
f e ¼ f ð1f Þzðrc Þ ð4Þ
where f is the impurity concentration, z(rc) is the number of
cation sites included in a sphere of radius rc and rc is the effective
range of the exchange interaction.
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3.1. Sample preparation
The gadolinium-doped samples used in this study were pre-
pared from reagent grade CaF2 (Sigma-Aldrich, 99.9%) and Gd2O3
(Reacton, 99.99%) powders by grinding them together and ﬁring
the mixture for 24 h at 1100 1C in air. The gadolinium concentra-
tions and reagent masses are shown in Table 1. Room-tempera-
ture X-ray diffraction patterns (Fig. 1) of the samples matched,
within experimental error, the spectrum [11] of CaF2. No other
phases were detected.Fig. 2. EMR spectrum of a freshly prepared CaF2 sample doped with 1.0 mol% Gd.3.2. Magnetic resonance measurements
All magnetic resonance measurements were performed at
room temperature and 9.50 GHz using a Varian E-12 spectro-
meter with 100 kHz ﬁeld modulation. The microwave power was
200 mW and the modulation amplitude was 0.1 mT. The mag-
netic ﬁeld was calibrated with an NMR gaussmeter.
The EMR spectrum of a freshly prepared sample of CaF2 doped
with 1.0 mol% Gd is shown in Fig. 2. The spectrum of the same
sample after 17 day at room temperature is shown in Fig. 3. The
spectra are essentially identical except for the line labeled C, whose
intensity decreased exponentially with a time constant of 2.2 day1
(Fig. 4). The same behavior was observed in samples doped with
different Gd concentrations; all lines in the spectrum, except line C,
remained unchanged with time, although the linewidth and intensity
increased with increasing Gd concentration, as can be seen comparingTable 1
Gadolinium concentrations and reagent masses for the samples used in this work.
f(mol%) mGd2O3 ðgÞ mCaF2 ðgÞ
0.01 0.0005 1.9995
0.10 0.0046 1.9954
0.20 0.0093 1.9907
0.40 0.0185 1.9815
0.60 0.0276 1.9724
0.80 0.0367 1.9633
1.00 0.0458 1.9542
1.50 0.0683 1.9317
2.00 0.0905 1.9095
Fig. 1. X-ray diffraction pattern of a CaF2 sample doped with 1.0 mol% Gd.
The indices were taken from JCPDS no. 87-0971.
Fig. 3. EMR spectrum of a CaF2 sample doped with 1.0 mol% Gd kept for 17 day at
room temperature.Fig. 2 with Fig. 5, which shows the EMR spectrum of a sample doped
with 0.2 mol% Gd and aged for 17 day at room temperature.
The value of the g-factor of line C, 1.991, and the fact that its
intensity decreases with aging time suggests that it corresponds to
the cubic spectrum reported in Ref. [8] and that its decay is due a
charge-balancing process, probably identical to that responsible for
the other lines of the spectrum. In what follows, the contribution of
cubic sites will be ignored, since, in aged samples, the intensity of line
C is small compared to that of the other lines in the spectrum.
In order to identify the remaining lines of the spectrum,
we computed the angular variation of the resonance ﬁeld for
transitions described by the Hamiltonian (1) with g¼1.992,
D¼0.148 cm1, the parameters reported by Vinokurov
et al. [8]. The results are shown in Fig. 6. All lines in Figs. 2,
3 and 5, except line C, are associated with turning points of the
Hamiltonian (1); the numbers used to label these turning points
in Fig. 6 are the same used to label the corresponding lines in
Fig. 4. Intensity of line C as a function of time after preparation for a CaF2 sample
doped with 1.0% Gd.
Fig. 5. EMR spectrum of a CaF2 sample doped with 0.2 mol% Gd kept for 17 day at
room temperature.
Fig. 6. Theoretical angular dependence of the resonance ﬁeld for the transitions of
the tetragonal spectrum of Gd3þ in CaF2. The parameters used to compute the
transitions were g¼1.992, D¼0.148 cm1 and n¼9.50 GHz.
Table 2
Experimental results for the Gd3þ:CaF2 system (T¼300 K, n¼9.50 GHz).
f (mol%) DHpp (mT) IR (A.U.)
0.01 0.55 5
0.10 1.1 20
0.20 1.8 44
0.40 2.5 100
0.60 3.2 14050
0.80 3.9 150
1.00 4.0 187
1.50 4.7 200
2.00 4.7 217
Fig. 7. Concentration dependence of the peak-to-peak linewidth, DHpp, in Gd-doped
CaF2. The circles are experimental points; the curves represent results of calculations
for eight different ranges of the exchange interaction.
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with the exception of line C, correspond to the tetragonal
spectrum reported by Vinokurov et al. [8], whose stability is
attributed [12] to a charge-compensating F ion in an interstitial
site adjacent to the Gd3þ ion, we turned to the main purpose of
this work, that was to investigate the inﬂuence of gadolinium
concentration on the linewidth and intensity of the EMR spec-
trum of Gd3þ in CaF2. In principle, linewidth and intensity data
can be extracted from any of the numbered lines in Fig. 5, since
they belong to the same powder spectrum. We chose line
6 because it has a reasonable amplitude and is well separated
from the other lines. The results are listed in Table 2.4. Analysis and discussion
The theoretical concentration dependence of the peak-to-peak
linewidth DHpp, given by Eq. (2), is shown in Fig. 7 for DH0¼0.55 mT
and 8 different ranges of the exchange interaction. The values of rcand z(rc) for the ﬁrst 8 coordinate spheres are listed in Table 3,
where n is the number of the order of each coordinate sphere (n¼1
includes no neighboring sites, and so on). The values of z(rc) are
those appropriate to the fcc lattice of CaF2; the values of rc were
calculated from the lattice constant at room temperature as mea-
sured by X-ray diffraction [11], a0¼0.54712 nm. The experimental
data, also shown in Fig., 7, ﬁt the theoretical curve n¼5, which
Table 3
Values of rc and z(rc) for cation sites in CaF2.
n rc (nm) z(rc)
1 0.000 0
2 0.387 12
3 0.547 18
4 0.670 42
5 0.774 54
6 0.865 78
7 0.948 86
8 1.024 134
Fig. 8. Concentration dependence of the relative line intensity, IR, in Gd-doped
CaF2. The circles are experimental points; the curves represent the results of
calculations for eight different ranges of the exchange interaction.
Fig. 9. Concentration dependence of the dipolar broadening, DHd, of the spectra of
Gd3þ in CaF2, CeO2, SrO and CaO. The curves are theoretical: DHd ¼ C1f ð1f Þzðrc Þ
with C1¼620, z(rc)¼54 (CaF2), C1¼400, z(rc)¼78 (CeO2), C1¼280, z(rc)¼86 (SrO)
and C1¼165, z(rc)¼86 (CaO). CeO2 data are from Ref. [13], SrO data are from
Ref. [14] and CaO data are from Ref. [15].
Fig. 10. Dependence of the coefﬁcient C1 on the difference r1r2 between the
ionic radii of the dopant and of the host lattice cation. Mn:MgO data are from
Ref. [20], Mn:CaO data are from Ref. [21], Mn:SrO data are from Ref [22] and
Gd:MgO data are from Ref. [23].
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exchange interaction, of the same order as in other cubic ionic
compounds [13–15]. Fig. 8 shows the theoretical [Eq. (3)] and
experimental (Table 2) intensity data. The vertical scale is arbitrary
and was chosen so as to provide the best ﬁt of the experimentalpoints to the theoretical curve for n¼5, or z(rc)¼54. The agreement
was found to be good.
In Fig. 9 we compare the concentration dependence of the
dipolar broadening DHd of the Gd3þ spectrum in CaF2 and in
other cubic lattices, CeO2 [13], SrO [14] and CaO [15]. The faster
increase of the linewidth with Gd concentration in CaF2 is not
consistent with the fact that the lattice constant ao in CaF2 is
larger than in the other three compounds (0.547 nm in CaF2 as
compared to 0.541 nm in CeO2 [16], 0.514 in SrO [17] and
0.480 nm in CaO [18]), since, according to Ref. [10], the linewidth
increase due to dipolar broadening should be inversely propor-
tional to ao
3. In order to investigate the question further, we plot in
Fig. 10 the coefﬁcient C1 of Eq. (2) as a function of the difference
Dr¼r1r2,, where r1 is the ionic radius of the dopant and r2 is the
ionic radius of the host lattice cation (the ionic radii were taken
from Ref. [19]) for some Mn- and Gd- doped cubic ionic com-
pounds. The results show that C1 becomes very small when the
radius of the dopant is much larger or much smaller than that of
the host lattice cation. The difference between the values of C1 in
Gd:CaF2 and Gd:CaO, that have the same value of Dr, is probably
due to the distortion caused by the presence of the interstitial
charge-compensating F ion in the ﬁrst case.5. Conclusion
EMR measurements on Gd-doped CaF2 powders show that the
only stable Gd3þ site has tetragonal symmetry, which is probably
due to charge-compensating F interstitial ions, and that the range
of the exchange interaction of Gd3þ ions in CaF2 is about 0.77 nm.
The fact that the linewidth of the EMR spectrum increases in a
predictable way with Gd concentration suggests that the EMR
technique can be used to measure, rapidly and non-destructively,
small concentrations of Gd in CaF2.
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